A computational simulation of low-cycle fatigue behaviour of lotus-type porous material, subjected to biaxial in-phase loading cycles is presented in this paper. Fatigue properties of porous materials are less frequently published in the literature. This paper evaluates computational analyses, where different pore distribution and biaxial loading conditions in relation to the pore orientations is considered in each simulation. The fatigue analysis is performed by using a damage initiation and evolution law based on the inelastic strain energy. The computational results are subjected to the appropriate statistical analysis, because of different pore topology a different fatigue lives are obtained on the same loading level. Results of computational simulations show also a qualitative understanding of porosity influence on low-cycle fatigue failures of lotus-type porous material under biaxial loading conditions.
INTRODUCTION
orous materials are relatively new class of materials, which offer potential for lightweight structures, energy absorption and other applications [1] [2] [3] . Current manufacturing methods enable to create various porous materials, either open-celled or closed-celled porous structures with varying pore morphology. A new type of porous material with unidirectional cylindrical pores is Lotus-type porous material, which is often used in lightweight structures, medicine, automotive engineering, sports equipment, etc. [4] . The porosity of lotus materials is usually lower than porosity of some conventional porous metals [5] . P When porous material is used for a structural component, the fatigue behavior should be taken into account. Some investigations presented in [6] [7] [8] cannot be used to describe the fatigue behavior of lotus-type porous materials due to different pore shapes and orientations. The experimental research of the fatigue behavior of copper and magnesium lotustype porous structures presented by Seki et al [9, 10] has shown that, for the fatigue loading parallel to the longitudinal axis of pores, the stress field in the matrix is homogeneous, and slip bands appear all over the specimen surface. This is not the case for transverse loading, where stress field is inhomogeneous, and slip bands are formed only around pores due to of high stress concentration in this region. Some existing researches show that the most common method to determine structural properties of porous materials is the experimental investigation [11] [12] [13] [14] Determined mechanical property is usually only compressive yield strength or plateau strength while fatigue properties have less frequently been published in details, especially for lotus-type porous materials. This paper discusses the low-cycle fatigue (LCF) behavior of lotus-type porous material, and evaluates the fatigue damage initiation and propagation through computational simulations using the direct cyclic analysis procedure in the framework of Abaqus/Standard software [15] . It is shown that in displacement controlled regime, cracks are easily detectable via reaction forces.
METHODOLOGY
omputational simulations allow us a better insight into analyzed structure behavior, and can provide information, which is sometimes very difficult or even impossible to determine with experimental measurements. The direct cyclic analysis procedure, implemented in Abaqus/Standard [15] , is used in this work to compute the stabilized response of the structure directly, without having to compute a number of sequential cycles that would lead to such a stabilized cycle in the traditional approach. Abaqus/Standard offers a general capability for modelling the progressive damage and failure of ductile materials due to stress reversals and the accumulation of inelastic strain energy when the material is subjected to sub-critical cyclic loadings. Damage initiation and evolution criteria are adopted to determine the low-cycle fatigue damage. These two criteria are based on the stabilized accumulated inelastic hysteresis strain energy per cycle, Δw, as is illustrated in Fig. 1 . Material failures refer to the complete loss of load-carrying capacity which results from progressive degradation of the material stiffness. The stiffness degradation process is modelled using a damage mechanics theory, which takes into account the process of material degradation due to the initiation, growth and coalescence of micro-cracks/voids in a material element under applied fatigue loading. For low-cycle fatigue analysis, the direct cyclic procedure can be used to directly obtain the stabilized cyclic response of the model. The direct cyclic procedure combines a Fourier series approximation with time integration of the nonlinear material behaviour in order to obtain the stabilized solution iteratively using the modified 
C
Newton method. The number of Fourier terms, the number of iterations and the incrementation during the cyclic time period can be controlled to improve the accuracy [15] . The damage initiation criterion is a phenomenological model for predicting the onset of damage due to stress reversals and the accumulation of inelastic strain in a low-cycle fatigue analysis. It is characterized by the accumulated inelastic hysteresis energy per cycle, Δw, in a material point when the structure response is stabilized in the cycle. The number of stress cycles N0, corresponding to the damage initiation, is given by [15] :
where c1 and c2 are material constants. The damage evolution law describes the rate of the material stiffness degradation per cycle once the corresponding damage initiation condition has been reached. For damage in ductile materials, Abaqus/Standard assumes that the degradation of the stiffness can be modelled using a scalar damage variable D where the stress tensor at any given loading cycle during the numerical analysis can be expressed as follows [15] :
where  is the effective (or undamaged) stress tensor that would exist in the material in the absence of damage computed in the current increment. Once the damage criterion is satisfied at the material integration point, the damage state is calculated and updated based on the inelastic hysteresis energy for the stabilized cycle. The rate of damage per cycle is given by:
where c3 and c4 are material constants, and L is the characteristic length referred to the material point and based on the finite element geometry. It is assumed that material loses its load capacity when D = 1. When this condition is satisfied in a certain finite element, such an element can be removed from the mesh. In such a way, the damage (crack) propagation can be monitored in the proposed computational model.
COMPUTATIONAL MODEL
general structure of lotus-type porous material is simplified in the computational model and represented by a square with random pore sizes and patterns, as is shown in Fig. 2 . The size of the model is 3.3 × 3.3 mm [16] . Five computational models with different pore topologies and the same porosity, equal to 0.234, are generated and examined. The 2D numerical analysis is performed under plane strain loading conditions. All models are discretized with linear plane strain finite elements (CPE4R and CPE3 type of elements). The global size of finite elements 0.03 mm is chosen. The geometric structure, shown in Fig. 2a , is used as a basis for FEM analysis. Fig. 2b shows the applied boundary conditions with bi-axial loading. The load is applied to the top and bottom edge under displacement rate control. The displacement load vary sinusoidal in-phase, in such a way that the global deformation corresponds to values, given by Eq. (4) and (5):
where ε0 is a global deformation in y-direction. Selected maximum value of global deformation is ε0 = 0.1%. The load is applied in the low-cycle fatigue step with a time period of 1 second. In the numerical analyses, the linear kinematic hardening model with linearized monotonic stress-plastic strain behaviour presented in Tab. 1 is used. Furthermore, the Young's modulus E = 200 GPa and the Poisson's ratio ν = 0.33 is assumed. Table 1 : Linearized stress-plastic behavior of the base material [15] The mechanical properties considered in the damage analysis for the studied porous structure have been obtained from the literature [15] . It should be noted that the values of material parameters c1 and c3 in Tab. 2 depend on the system of units in which the model is applied. Table 2 : Material parameters for damage initiation and evolution [15] RESULTS AND DISCUSSION ig. 3 shows the state of all five models at different states through the analysis. After one cycle, there is no damage in any of the models, while after 20 cycles some cracks occur between large adjacent pores. After 60 cycles, cracks between the pores and pores themselves form a larger coalesced crack, which is almost completely formed at 100 cycles. Some miniscule crack growth occurs between 100 and 200 cycles, but due to drop of macro-rigidity, the crack growth rate stops near 200 cycles and although the calculation runs until 500 cycles, no further crack growth is detected. Fig. 4 gives correlation between reaction forces in tension/compression (Y-axis) and shear (X-axis). At the 1st cycle, the magnitude force in tension/compression direction is around 300 N and around 100 N in shear direction. In the first 100 cycles, reaction forces in both directions are dropping linearly, but near zero point, tension/compression component drops to zero, while the shear component remains near 30 N even after 500 cycles -long after crack growth has stopped. Apparently, this is a consequence of local bend-like conditions around the pore, where relatively large pore radius prevents crack initiation. As seen in Fig. 3 , the majority of crack growth occurs in first 100 load cycles, which is also evident from diagram in Fig. 5 , where dependence of the reaction force magnitude versus number of load cycles is plotted. There is also some drop between 100 and 200 cycles, but afterwards, reaction force magnitude remains constant. Data even suggests that higher reaction forces at the initiation of damage result lower reaction forces after crack growth, but this fact needs a deeper investigation. 
CONCLUSIONS
n this paper, the response of lotus-type porous material is investigated to biaxial loading that is applied with displacements rate control. It is shown that different pore morphology has some effect on multiaxial LCF-life, but only in form of statistical scatter band. It is shown that adjacent large pores are critical areas for crack formation and growth under given boundary conditions. Furthermore, it is shown, that with increase of crack length reaction force magnitude decreases towards zero. The tension/compression reaction force drops almost to zero, but shear reaction force remains at 0.3% of the initial shear reaction force. Possible explanation for this phenomenon are local bending-like conditions, which appear near large pores. Large pore radii then serve as stress relaxation areas. Presented numerical approach for low-cycle multiaxial fatigue failure study based on direct cyclic algorithm and inelastic strain energy is general and efficient. However, further research on modelling other general porous structures will be our tendency in this field.
